Abstract. The present study investigated the role of aminoguanidine in the prevention of harmful effects in astroglioma F98 cells induced by β-amyloid treatment.
Introduction
Alzheimer's disease (AD) is currently one of the most common neurodegenerative disorders, and a leading cause of memory loss and cognitive decline in patients (1) . The mechanism of onset of neurodegenerative diseases and the various components responsible remain to be fully elucidated. It is well known that β-amyloid treatment causes neuron death and subsequently results in dementia (1, 2) . Studies have revealed that β-amyloid is involved in regulating the activity of neurons and synapses, and its aggregation in nervous system tissues results in the development of neurological disorders (3) . In the neuronal cells, β-amyloid induces degeneration through a cascade of cellular processes involving the generation of reactive oxygen species (ROS) and the induction of cell death (4) . The use of ROS-quenching agents, including polyphenolic compounds and tocopherol, has been shown to inhibit the harmful effects induced by β-amyloid (5, 6) . The consumption of food items rich in anti-oxidant compounds has also been shown to prevent the development of various neurological disorders (7) . The anti-oxidative compounds exhibit their effect through inhibiting the activation of various factors associated with several pathways (7, 8) .
Aminoguanidine is a low molecular weight compound, soluble in polar solvents (e.g. water) and exhibits a broad spectrum of activities (9) . It is important in the inhibition of tissue damage in patients with diabetes mellitus (9) . Treatment of animals with aminoguanidine efficiently prevents injury to the brain and stroke (10) (11) (12) . Aminoguanidine treatment is promising in the improvement of spinal cord motor function following injury (13) . It also prevents the initiation of reactions leading to the production of ROS and formation of inflammation following spinal cord injury (13) . The present study aimed to investigate the role of aminoguanidine in the prevention of harmful effects in astroglioma F98 cells induced by β-amyloid treatment. It was observed that aminoguanidine prevented F98 cells from the β-amyloid-induced increase in the production of ROS, and the enhanced expression of prostaglandin E2 (PGE2) and cyclooxygenase (COX)-2, and inhibited the activation of nuclear factor (NF)-κB.
Materials and methods
Cell line and culture. The F98 rat glioma cell line was purchased from the American Type Culture Collection (Rockville, MD). The cells were grown as monolayer cultures in DMEM (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in 5% CO 2 at 37˚C. The medium was supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) with penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.).
Chemicals and reagents.
Aminoguanidine and β-amyloid were obtained from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). Aminoguanidine was dissolved in distilled water to prepare 1 µM stock solution and stored at -10˚C.
Cell viability assay. The F98 cells were cultured at a density of 2x10 5 cells per 100 µl of medium for 24 h in 96-well cell culture microplates (Corning Life Sciences, Lowell, MA, USA). Following incubation, the medium was replaced with a medium containing various concentrations of aminoguanidine (10, 20, 30 and 40 µM) and incubated at 37˚C for 12 h. β-amyloid (15 µM) was then added to each of the wells, and incubation was continued for 12 h. The control cells, after 24 h culture, were incubated for 12 h in a medium containing β-amyloid (15 µM). Subsequently, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/ml; Sigma-Aldrich; Merck Millipore) was added to the wells (10 µl) and incubated for 4 h at 37˚C, followed by the addition of 100 µl dimethyl sulfoxide to dissolve any formazan crystals formed. The enzyme-linked immunosorbent detector (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to measure optical density at 570 nm.
Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. Total RNA was isolated from the F98 glioma cells following treatment with aminoguanidine and/or β-amylase using TRIzol (Thermo Fisher Scientific, Inc.). The RNA samples (1 µg) were then subjected to RT and PCR sequentially using a One Step RT-PCR kit (Qiagen Inc., Valencia, CA, USA). The primers used were as follows: COX-2, forward 5'-TTC AAA TGA GAT TGT GGG AAA AT-3' and reverse 5'-AGA TCA TCT CTG CCT GAG TAT CTT-3'; iNOS, forward 5'-AGA GAG ATC CGG TTC ACA-3' and reverse 5'-CAC AGA GCT GAG GGT ACA-3'; COX-1, forward 5'-TGC CCA GCT CCT GGC CCG CCG CTT-3' and reverse 5'-GTG CAT CAA CAC AGG CGC CTC TTC-3'; GAPDH, forward 5' CGG AGT CAA CGG ATT TGG TCG TAT-3' and reverse 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'. A Mastercycler (Eppendorf, Hamburg, Germany) was used to perform amplification of the cDNA strands using the following thermocycling sequence: Initial step at 50˚C for 2 min and 95˚C for 10 min, followed by 30 cycles of 95˚C for 15 sec and 60˚C for 1 min. Following amplification, the products were run on 1.5% agarose gels, followed by ethidium bromide staining (Sigma-Aldrich; Merck Millipore).
Western blot analysis. Following treatment of the F98 cells with aminoguanidine and/or β-amyloid, F98 cells were subjected to on-ice lysis using lysis buffer [100 mM NaCl, 20 mM Tris-HCl, (pH 7.8), 0.1% NP-40], containing protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany) and dithiothreitol, Na 3 VO 4 , NaF and phenylmethane sulfonyl fluoride (1 mM each). The homogenates were centrifuged at 4˚C at 14,000 x g for 15 min, and the supernatant was collected and stored at -80˚C until further analysis. Total protein (50 µg) was loaded per lane and separated on 10% SDS-PAGE gels by electrophoresis at 100 V. The proteins were then electroblotted onto nitrocellulose membranes (Hybond ECL; GE Healthcare Life Sciences, Chalfont, UK). The non-specific sites on the membrane were blocked by incubation with 5% skim milk powder and 3% bovine serum albumin (BSA; Cayman Chemical Compnay, Ann Arbor, MI, USA) over a period of 2 h at room temperature. The blots were then probed by incubation with mouse monoclonal primary antibodies, diluted 1:500, overnight at 4˚C. The primary antibodies used were anti-iNOS (610600), PGE2 (610205), COX-2 (610203) and NF-κB (558393) (all from BD Biosciences, San Jose, CA, USA). The membranes were washed with PBS three times, followed by incubation with a peroxidase-labeled anti-rabbit secondary antibody (1:10,000; catalog number-611-103-122; R&D Systems, Inc., Minneapolis, MN USA) for 1 h at room temperature. The ECL-western blot detection kit (NEN, MA) was used for the visualization of immunoreactivity.
Measurement of ROS generation.
The production of ROS in F98 cells treated with aminoguanidine and/or β-amyloid was determined with dichlorofluorescein-diacetate (DCFH-DA) using flow cytometric analysis. The cells, following aminoguanidine and β-amyloid treatment or β-amyloid treatment alone (vehicle control), were collected, rinsed twice with ice-cold PBS, and suspended in PBS (2x10 6 cells/ml). Subsequently, 500 µl of this suspension was incubated for 45 min at 25˚C in tubes containing DCFH-DA at a concentration of 5 µM. The generation of ROS in the F98 cells was determined via DCF fluorescence intensity using flow cytometry.
Analysis of the aggregation of PGE2 in cells.
The F98 cells were incubated for 12 h in a medium containing β-amyloid and aminoguanidine (treated cells) or β-amyloid alone (vehicle control). Following incubation, the medium was removed and the cells were subjected to an enzyme immunoassay using a commercial kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The ELISA reader system was then used for the determination of PGE2 accumulation in the cells.
Immunochemistry for analysis of NFκB translocation.
Immunohistochemistry was performed using the Ventana EX system and a DAB universal kit (Ventana Medical Systems, Inc., Tucson, AZ, USA). Following treatment with aminoguanidine and/or β-amyloid, the F98 cells were fixed using paraformaldehyde at 4˚C for 45 min. The cells were then rinsed in PBS twice, followed by permeabilization in 0.2% Triton X-100. Following washing with PBS, the cells were blocked in BSA for 45 min and finally incubated with the anti-NF-κB antibody (dilution 1:1,000) for 3 h at 25˚C. Following rinsing with PBS, the F98 cells were incubated for 45 min at 25˚C with FITC-conjugated anti-rabbit IgG (Sigma-Aldrich; Merck Millipore), and a fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) was used for cell analysis.
Statistical analysis. The data are presented as the mean ± standard error of the mean of three independent experiments performed in triplicate. Statistical comparison of the mean values between data was performed using unpaired Student's t-tests. For statistical analysis of the data, Prism Software (GraphPad Software, Inc., La Jolla, CA, USA) was used. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of aminoguanidine on the β-amyloid-induced decrease inF98 glioma cell viability.
The analysis of the effect of β-amyloid revealed inhibition in the rate of viability of the F98 glioma cells 12 h following treatment. Incubation of the F98 cells with β-amyloid for 12 h at a concentration of 15 µM reduced the viability to 18% (Fig. 1A) . β-amyloid reduced the viability of F98 cells in a concentration-and time-dependent manner. The effect of aminoguanidine on the β-amyloid-induced inhibition in F98 cell viability was analyzed following treatment with concentrations of 10, 20, 30 and 40 µM. The results showed that pretreatment with 30 µM aminoguanidine for 12 h completely prevented the β-amyloid-induced decrease in the viability of the F98 cells (Fig. 1B) .
Aminoguanidine inhibits β-amyloid-induced increases in the expression of NO and iNOS.
The analysis of the expression levels of ROS and iNOS revealed significantly (P<0.005) higher expression following β-amyloid treatment in the F98 cells. Incubation of the F98 cells with a 15 µM concentration of β-amyloid for 12 h led to a marked increase in expression levels of ROS and iNOS ( Fig. 2A) . In addition, F98 cells were pre-treated with aminoguanidine for 12 h prior to incubation with β-amyloid and the expression of ROS was analyzed. It was observed that aminoguanidine pre-treatment at a concentration of 30 µM for 12 h inhibited the β-amyloid-induced increase in the expression of ROS completely (Fig. 2B) . Aminoguanidine pre-treatment for 12 h at a 30 µM concentration inhibited the iNOS protein expression in the F98 cells (Fig. 3) .
Aminoguanidine inhibits β-amyloid-induced increase in the expression of PGE2 and COX-2 in F98 cells.
Treatment of the F98 cells with β-amyloid for 12 h at a concentration of 15 µM led to a marked increase in the expression of COX-2 (Fig. 4) . However, pre-treatment of the F98 cells with various concentrations of aminoguanidine exhibited a concentration-dependent reduction in the expression of PGE2. Pre-treatment with a 30 µM concentration of aminoguanidine for 12 h resulted in reductions in the mRNA levels corresponding to the expression of COX-2 to the same level as in the control cells (Fig. 5) . The expression of PGE2 in the β-amyloid-treated cells was also markedly increased, compared with that in the control cells. However, pre-treatment of the F98 cells with aminoguanidine at a 30 µM concentration for 12 h prior to incubation with β-amyloid significantly (P<0.002) reduced the expression of PGE2.
Repression of β-amyloid-induced nuclear translocation of NF-κB by aminoguanidine.
Analysis of the localization of NF-κB p65 in β-amyloid-treated F98 cells revealed its presence in the cell cytosol. By contrast, in the control cells, NF-κB p65 was confined to the cell nucleus alone (Fig. 6 ). In the F98 cells, pre-treatment with aminoguanidine resulted in the inhibition of NF-κB p65 translocation into the cytosol in a concentration-dependent manner. Following treatment with a 30 µM concentration of aminoguanidine, the translocation of NF-κB p65 from the nucleus to the cytosol was completely inhibited (Fig. 6 ).
Discussion
Alzheimer's disease, a frequently observed neurological disorder, is caused by the aggregation of β-amyloid in the central nervous system tissues (14) . Alterations in the structure and function of neurons by the accumulation of β-amyloid results in the development of neuronal inflammation and the induction of apoptosis, which is characteristic of Alzheimer's disease (15) . The expression of cytokines is higher in the nervous system tissues of patients with Alzheimer's disease (16) . This suggests that the compounds, which inhibit the expression of cytokines can be important for the treatment of neurological disorders (16) . COX-2 has been found to exhibit an important effect on the induction of inflammation in cells. It has been reported that, under normal circumstances, the expression of COX-2 in cells is negligible, whereas its expression is increased during various neurological disorders (17) . The examination of nervous system tissues obtained from patients with neurological disorders has revealed markedly higher expression levels of COX-2 (17) . It has been suggested that the expression of COX-2 leads to an increase in the production of ROS, which leads to neuron death (17) . Studies have also demonstrated higher expression levels of PGE2 in the neuronal tissues of those suffering from neurological disorders (18) . Thus, reducing the expression of PGE2 through the use of chemotherapeutic agents is considered to be an important strategy for the treatment of Alzheimer disease. The results from the present study demonstrated a significant decrease in the β -amyloid-induced expression of COX-2 and PGE2 when F98 cells were pre-treated with aminoguanidine.
The generation of ROS, including NO, in cells leads to alterations in several cellular processes and the development of disorders, including Alzheimer disease (19) . The production of NO takes place through the involvement of the enzyme, NOS (20) . iNOS generates an increased quantity of NO, resulting in the development of inflammatory reactions. The results of the present study demonstrated that aminoguanidine pre-treatment of the F98 cells inhibited the β-amyloid-induced generation of NO and secretion of iNOS. The inhibition of iNOS secretion was evident at the mRNA and protein levels.
The activation of NF-κB has been found in the neurological tissues of patients with Alzheimer disease during postmortem examination (21) . The treatment of F98 cells with β-amyloid has also been found to induce the activation of NF-κB (22) . In the present study, treatment of F98 cells with aminoguanidine resulted in the inactivation of NF-κB and the translocation of NF-κB into the nucleus.
In conclusion, aminoguanidine prevented β-amyloidinduced Alzheimer disease through reductions in the expression levels of NO, iNOS, PGE2 and COX-2, and the inactivation of NF-κB. Therefore, aminoguanidine offers potential for use in the treatment of neurological disorders, including Alzheimer's disease. Figure 6 . Effect of aminoguanidine on the translocation of NF-κB induced by β-amyloid in F98 cells. The cells were treated with β-amyloid alone or were pretreated with aminoguanidine (30 µM) followed by incubation with β-amyloid. The translocation of NF-κB was examined (magnification, x200). NF-κB, nuclear factor-κB; aminog, aminoguanidine.
